Abstract Age trajectories of physiological indices contain important information about aging-related changes in the human organism and therefore may help us understand human longevity. The goal of this study is to investigate whether shapes of such trajectories earlier in life affect the residual life span distribution. We used longitudinal limited access data from seven physiological indices and life spans of respective individuals collected in the Framingham Heart Study (FHS). These include: diastolic blood pressure (DBP), pulse pressure (PP), body mass index (BMI), serum cholesterol (SCH), blood glucose (BG), hematocrit (HC), and pulse rate (PR). We developed a method for assigning individuals to groups of potentially long-lived (PLL) and potentially medium-lived (PML) groups using age trajectories of physiological indices at the age interval between 40 and 60 years. The analysis shows that the longevity of individuals who survived to age of 65 depends on the behavior of the physiological indices between 40 and 60 years of age.
Introduction
Genetic and environmental factors influence the risk for incident disease or death. This occurs through various biological and physiological mediators involved in damage repair and compensatory adaptation at different levels of an organism's biological and physiological organization. This helps explain why age-related mortality rate increases in adults are accompanied by aging-related changes in one's physiological state and other variables describing the organism's functioning. However, the patterns of such aging-related changes are poorly understood. Do age trajectories of individual physiological states differ in long-lived (LL) and short-lived (SL) individuals? Are particular features of these trajectories observed in early adulthood predictive of long life? Understanding these questions may provide us with a better understanding of the aging process. In order to address these questions, an analysis of longitudinal data containing regular measurements of the physiological state of numerous individuals has to be performed. Such systematic measurements over a 50-year follow-up period are available in the Framingham Heart Study (FHS) dataset.
Intensive analyses of selected physiological indices and their effects on morbidity and mortality characteristics have been performed in earlier studies using standard statistical tools (Dawber et al. 1951 (Dawber et al. , 1963 Dawber 1980; D'Agostino and Kannel 1989; Coady et al. 2002; Franco et al. 2005; Franklin et al. 2005; Kannel et al. 2003; Singh et al. 1999; Vlagopoulos et al. 2005; Port et al. 2006; Natarajan et al. 2003) . Such analyses, however, have a restricted ability to capture dynamic effects. For example, questions about the role of past trajectories on future survival remain unexplored. The interpretation of average age trajectories of such indices must be done with care, because such trajectories do not describe average dynamics of the physiological state. This is because individuals whose physiological state deviated too far from the range of 'normal' values have increased chances of death. And those who have died do not participate in the averaging procedure for subsequent age categories.
The effects of such compositional changes can be partly eliminated by considering individuals who survived to a certain age x*. The average age trajectories for such individuals considered prior to age x* characterize the age evolution of an average physiological state without compositional effects. The observed difference between such trajectories conditional on survival to different ages is an important indicator of statistical dependence between life span and physiological age trajectories. In this study, we evaluate the properties of average trajectories of physiological indices and establish their connection to survival characteristics of respective groups of individuals.
Materials and methods

The Framingham Heart Study dataset
The original aim of the Framingham Heart Study (FHS) was to evaluate potential risk factors for cardiovascular disease (CVD -coronary heart disease and stroke) in healthy individuals. In 1948, the study recruited 5,209 non-institutionalized white subjects (2,336 males and 2,873 females) between the ages of 28 and 62 in the town of Framingham, Massachusetts. For more than 50 years, the participants of the original cohort have been reexamined biennially with physical examination, laboratory tests, detailed medical history, and extensive cardiovascular history. There remained 319 males and 673 females alive in the year 2000. Among the risk factors identified in the Framingham study (Greenland et al. 2003) are age, sex, systolic and diastolic blood pressure, serum cholesterol levels, diabetes mellitus, cigarette use, left ventricular hypertrophy, body mass index, and blood glucose. The recruitment, methodology, and study design have been explained more fully in Dawber et al. (1951 Dawber et al. ( , 1963 , and Dawber (1980) .
Methods
For the current study, in order to investigate the dynamics of age trajectories of diastolic blood pressure (DBP), pulse pressure (PP), body mass index (BMI), pulse rate (PR), serum cholesterol level (SCH), blood glucose (BG), and hematocrit (HC), we first evaluated their empirical average trajectories for the entire FHS cohort and compared them for males and females. We calculated average values of respective indices for different age groups. For the entire FHS cohort, we used 5-year age groups, < 35, 35-40, ..., 85-90, and 90+. We then evaluated age trajectories for the longlived (LL) (survived to age 80 for males and age 83 for females) and the group of medium-lived (ML) individuals (i.e., individuals whose age at death was between the ages of 65 and 80 for males and 65 and 83 for females). This allowed us to exclude the effects of changes in population composition at the age interval between 40 and 60, where the average age trajectories are compared in construction of the PLL and PML groups (see below). For the LL and ML groups, we calculated average values of physiological indices for 2-year age groups 40-41, 42-43, . .., and 58-59.
Subsequently, we developed a method for constructing groups having the potential to live long (PLL) and having the potential to live medium life spans (PML) using shapes of their age trajectories at the age interval spanning 40 to 60 years. The formal criteria for distinguishing between the PLL and PML individuals are specified in the Results section. Then the survival functions (conditional at age 60) of the respective groups were evaluated and compared for both males and females. Such an analysis has been performed for each of seven physiological indices, and then in the multivariate case by evaluating the distance between age trajectories in seven-dimensional space. To evaluate how close the age trajectories of physiological indices of different individuals are, we employed measures of distance described below in the section Results. Standard statistical criteria have been used to test the difference between survival distributions in the PLL and PML groups. Survival functions were estimated using the nonparametric 'product limit estimator' (Kaplan and Meier 1958) modified for the case of left truncated data (see Tsai et al. 1987; Tsai 1988 ).
Results
Our analysis shows that the connection between age patterns of physiological indices and life span is not deterministic, and is affected by many unmeasured stochastic factors. Taking average trajectories of such indices instead of individual ones reduces the effects of random factors acting additively and allows for evaluation of population effects. This is why we first decided to calculate average age trajectories of seven physiological indices for males and females. The results are shown in Figure 1 . The total number of individuals and observations of the seven indices in the FHS can be found in Table 1 .
As seen in Figure 1 , all age patterns for physiological indices are non-monotonic functions of age other than blood glucose (BG), which increases with age for both sexes, and hematocrit (HC) for males, which tends to stay constant until age 70 years and then decline with age. In particular, for both sexes, body mass index (BMI) increases with age up to age 60, stays relatively constant between the ages of 50 and 70 years for males and between the ages 60 and 70 years for females, and then declines for both sexes. Diastolic blood pressure (DBP) increases until about age 55 years and then after age 60 years, declines for both sexes. The level of hematocrit (HC) for males is approximately 47% until age 70 and then declines. For females, it increases until age 70 and then declines. For both sexes, the pulse pressure (PP) increases after age 40, reaches its peak at approximately 90 years of age, and then shows a tendency to decline. The pulse rate (PR) for males reaches its maximum around age 55 and then declines. For females, the average PR shows a slight tendency to decline between the ages of 45 and 60. After age 60, it declines at a faster rate. In females, the level of serum cholesterol (SCH) first increases, then reaches its maximum around age 60, stays at this level until age 70 years, and then declines. For males, a gradual rise in the SCH ceases near age 50 years, and then SCH declines slowly until age 70 years. After age 70 years, the decline accelerates.
Age trajectories of physiological indices for males and females appear different Figure 1 also shows that the average age trajectories of physiological indices (except blood glucose) differ for males and females. Statistical analysis confirms the significance of this observation. In particular, after age 35, the female BMI increases faster than that of males. Both indices reach the same maximum value around age 60, and then show a similar pattern of decline after age 70. Diastolic blood pressure is higher among males but increases more slowly. The maximum value reached near ages 55-60 is about the same for both sexes, with a similar rate of decline afterwards. The average level of hematocrit is higher in males than in females during the entire life course. However, the rate of decline of both these indices after an age of 70 is approximately equal. Average female pulse pressure tends to increase faster than that of males. Average female pulse rate always appears higher than that of males. Between the ages of 35 and 50 years, the level of serum cholesterol is higher in males than in females. After an age of 50 years, the male SCH index becomes lower and remains lower than for females for the rest of the interval of aging.
Mortality rates for males and females in the FHS cohort are also different Figure 2 shows age patterns of survival functions for male and female participants of the FHS cohort.
The fact that male and female life-span distributions are also different suggests that differences in the shape of male and female age trajectories might have something to do with the difference in male and female survival distributions (in calculations of survival characteristics, we assumed that all individuals from the FHS cohort experienced the same age pattern for risk of survival). If this assumption is correct, one can expect to observe differences in average age trajectories of respective indices calculated for groups of individuals of the same gender who have distinct life spans. For example, for the long-lived group (LL, defined as those who survived to age 80 for males and 83 for females) and the short-lived group (SL, defined as those who did not survive to age 65 for both genders) the statistical analysis showed that respective trajectories are substantially different between the ages of 40 and 65 years.
However, comparison of such trajectories presents methodological problems since the trajectories of SL individuals contain effects of compositional changes (i.e., deaths) and those of the LL individuals do not. To exclude the influence of changes in population composition on average age trajectories of respective indices, we introduced a group referred to as medium survivors (ML or 'medium-lived') . By definition, the ML group includes individuals who survived to age 65 for both genders and died before age 80 for males and before age 83 for females. Such a division allows us to compare average age trajectories of physiological indices for the ML and LL individuals at the age interval that spans 40 to 60 years of age. This helps Figure 1 Average age trajectories of seven physiological indices constructed for males and females using data from the Framingham Heart Study compensate for compositional changes due to mortality selection, and for changes in physiological indices due to acceleration of disease several years before death, such that they do not affect respective trajectories at the selected age interval. Unfortunately, one still cannot compare survival distributions for the ML and LL individuals, because, by definition, individuals from these groups die at non-intersecting age intervals. To make a comparison of survival distributions for selected sub-groups of individuals possible, we have to modify the definitions of the respective groups.
The need for the groups of PLL and PML individuals Ideally, instead of the LL and ML individuals, it would be desirable to modify the criteria that allow for assigning individuals to groups of potential long survivors (PLL) and potential medium-lived survivors (PML) using individual age trajectories of physiological indices considered at certain age intervals. Some of the PLL individuals may die prematurely, probably because of extreme external (i.e., environmental) or inadequate internal (e.g., disease) conditions, and, conversely, some PML individuals may live a long life because of favorable conditions. It would be natural to expect that individual age trajectories of physiological indices of the PLL and PML individuals will be close to those of the LL and ML individuals. However, the selection rule must be independent of survival conditions for individuals having these trajectories. This condition would be met if one modified the criteria for assignment of individuals to the PLL and PML groups using one data set, implemented these criteria to an independent data set, and then compared survival functions in the two groups. A significant difference in survival functions would indicate that the respective age trajectories of physiological indices are important correlates of longevity. The existence of such groups would support the importance of age patterns of physiological trajectories for longevity, and would allow for comparison of respective survival distributions.
The construction of the PLL and PML groups of individuals Following this line of thought, we randomly divided the entire FHS cohort into two equal-sized subcohorts, by gender. The first sub-cohort has been used for elaboration of the criteria for selecting the PLL and PML groups using individuals from the second sub-cohort. For this purpose, we identified the LL and ML sub-groups of individuals in the first subcohort, and evaluated average age trajectories of physiological indices at the age interval spanning 40 We use evaluated age trajectories as 'standards' for dividing the second (non-analyzed) FHS sub-cohort into the potentially long-lived (PLL) and potentially medium-lived (PML) individuals. The second sub- Figure 3 Mean age trajectories of seven physiological indices in the LL and ML females. The FHS data, first sub-cohort cohort has been used to implement the modified criteria and construct the PLL and PML groups of individuals. For this purpose, we developed a procedure assigning each individual from the second FHS sub-cohort either to the group of potential mediumlivers (PML) or potential long-livers (PLL).
Specifically, each individual was supplied with two numbers. One is the number of measurements at the age interval between 40 and 60 years in which the individual's trajectory was closer to the 'PLL standard' (i.e., the average trajectory for the LL individuals, evaluated in the first sub-cohort) than to the 'PML standard' (i.e., the average trajectory for the ML individuals, evaluated in the first sub-cohort). The other is the number of measurements at the same age interval in which the individual's trajectory was closer to the respective trajectory of the ML individuals. If the first number was larger than the second, the respective individual was assigned to the PLL group. Otherwise s/he was assigned to the PML group. All trajectories were considered at the age interval spanning 40 to 60 years (if an individual had no observations for the respective index at this age interval then s/he was excluded from this analysis).
Formally, let Y ML t and Y LL t be average values of an index for age groups t for ML and LL individuals in the first sub-cohort (i.e., those shown in Figures 3  and 4) , Y i t be average values of the index for age groups t observed for ith individual from the second sub-cohort (note that most individuals have only one observation in each age group because intervals between the FHS exams are about 2 years), and n i 40À60 be the number of such age groups (i.e., 2-year age groups as described above) for which at least one observation of the index for ith individual is available. Then the 'distance' d i for ith individual from the second sub-cohort is calculated as The total number of individuals and observations of seven indices at the age interval spanning 40 to 60 years for the PLL and PML females and males can be found in Table 2 .
Derivatives
We also investigated whether the values characterizing the rate of age-related changes in indices might affect survival distributions. For these purposes, we calculated individual trajectories of first derivatives of the respective indices, calculated by dividing increments in the selected index at the respective age interval over the length of this interval. Following the procedure described above, we evaluated average age trajectories of respective indices for the LL and ML groups. The fact that the results did not show a substantial difference in the respective trajectories indicates that the rate of changes in physiological indices at the age interval spanning 40 to 60 years of age does not affect survival of these individuals after age 65 (data not shown). Figure 5 shows survival functions for females and males corresponding to the PLL and PML groups of individuals constructed using age trajectories for all seven indices.
Survival functions
One can see that the combined analysis of trajectories of all seven indices produces a substantial difference in survival of the PLL and PML groups. The difference between the survival functions of the PLL and PML groups is statistically significant for both females and males (p<0.0001, log-rank test).
Cox's regression
The results of the analyses performed above suggest that the age trajectories of the physiological state at the interval spanning 40 to 60 years of age may affect individual survival status after age 65. Survival is especially sensitive to the values of DBP, PR, and PP (and the values of all seven indices combined). In order to further test this hypothesis, we used the Cox proportional hazard model (Cox 1972) . In this model, we used the calculated distances for individuals in the second sub-cohort as observed covariates. We divided the respective counts by the total number of observations, so that the resulting distances are normalized between 0 (the closest trajectory to the long-lived individuals in the first sub-cohort) and 1 (the closest trajectory to the medium-lived individuals in the first sub-cohort).
The results are summarized in Tables 3 and 4 . Here μ 0 and β 1 stand for the parameters of Gompertz mortality and β 2 is the parameter for the respective distance in the Cox regression model:
where t is age, d i is the distance for i-th individual in the second sub-cohort calculated as Table 2 Total number of individuals (N) and observations of seven indices (Obs.) at the age interval spanning 40 to 60 years in the PLL and PML groups (the FHS data, second sub-cohort).
Sex
Population described above and μ i (t,d i ) is mortality rate at age t for this individual.
The tables show that the deviations of trajectories of indices at ages 40-60 from those of the long-lived individuals in the first sub-cohort increase risk of death for all observed indices. The most significant increase is observed for the DBP, PP, PR and for all seven indices combined (p<0.01), which is in line with empirical observations. The distance calculated using all seven indices gives the largest increase. A 'standard' individual in the second population, i.e., an individual with average deviations from the trajectories of the respective indices in the long-lived individuals from the first sub-cohort, has an approximate two-fold increase in the relative risk of death compared with his/her age peer who has trajectories of indices resembling those in the long-lived individuals from the first sub-cohort (that is, individuals with zero distance).
Discussion
In this study, we found that the behavior of physiological age trajectories at the age interval spanning 40 to 60 years affects late-age survival of respective individuals. This finding, however, does not indicate the etiology of the differences in physiological trajectories. Possibilities for this include genetic differences in the rate and pattern of senescent processes or differences in individual stress loads that produce allostatic changes in one's physiological state. This is difficult to ascertain since the longitudinal data do not contain systematic measurements of individual stress load. However, the importance of such information for better understanding of the aging process and concomitant changes in health and well-being is now well recognized.
The shape of average age trajectories of physiological indices (Figure 1 ) cannot be considered a result Figure 5 Survival functions (conditional at age 60) for the PPL and PML females and males constructed using all seven indices. The FHS data, second sub-cohort. Survival functions for the total FHS sample are shown for comparison of pure physiological age-related changes in the human organism. An important component contributing to this shape is related to changes in population composition due to the premature death of individuals whose physiological state deviated 'too far' from the 'normal' range corresponding to minimal mortality. Such selection effects can be evaluated using extensions of heterogeneity or frailty models to the cases where the frailty can change stochastically over time (Yashin and Manton 1997) . However, the physiological age-related changes for the LL individuals can be estimated empirically (Figures 3 and 4) at the intervals before age 80 (83) for males (females), since by definition the selection component did not make its contribution before these ages. Thus, the average age trajectories for the LL individuals shown in Figures 3  and 4 are an important source of information about physiological changes accompanying long life.
The physiological state at a given age characterizes an organism's functioning in existing internal and external conditions. An ongoing source of internal disturbance in the adult organism is the process of senescence. Researchers have not come to an agreement concerning its primary causes. However, evidence is accumulating that thermodynamic forces, oxidative stress, and other destructive factors acting on an organism's organization at the molecular and biological level make a substantial contribution to this process. The primary effects of aging are only partly compensated for by the processes of homeostatic and compensatory adaptation. Senescence develops and eventually kills the organism even in ideal external conditions. The remarkable fact that senescence can progress without development of major chronic diseases (i.e., 'healthy' aging) indicates that: (i) this process is likely to affect all systems, organs, and tissues of a living organism; and (ii) there are evolutionarily developed mechanisms that coordinate the process of compensatory adaptation at different levels of an organism's biological organization.
Inadequate external conditions (e.g., modifiable risk factors for CVD or other diseases) may contribute to the rate of an organism's decay, resulting in premature aging and death. Functioning in such conditions is possible but it has a price: chronic diseases, functional impairments, disability, and other aging-related health disorders as well as death may develop earlier than in the case of an 'ideal' environment. Such conditions are often associated with permanently acting stress. Although stressful factors may act at physiological or other levels of an organism's organization, they activate processes at all other levels. Thus, age-related changes in physiological state are the results of a complicated dynamic interplay between senescence, external stressors and the processes of biological and physiological adaptation.
The key finding in this study is that age-related changes in about half of these characteristics are nonmonotonic. In other words, each index increases until a certain age and then declines. Different indices begin declining at different ages. The decline in average values of diastolic blood pressure starts after age 60 for both sexes. This decline may indicate the exhaustion of resources in the heart muscle pumping blood to the vessels or some other compensatory mechanism. The decline in BMI begins earlier in males (around 65) than in females (around age 75). It is well known that an individual's height also declines with age. This means that an individual's weight declines even more rapidly. This decline may be caused, in part, by the loss of muscle cells due to apoptosis, and due to reduction of muscle mass. A rapid decline in pulse rate begins at age 70 in both sexes. Again, such a decline may be caused, in part, by exhaustion of the resources of the cardiac musculature. The non-monotonic changes in age trajectories of some physiological indices indicate that the values of these indices cannot be used as a measure of individual aging. Indeed, 50-year-old and 80-year-old individuals may have the same BMI value. This situation emphasizes the need for a search for additional dimensions of individual aging. Such an additional manifestation of aging could be the decline in individual stress resistance and the reduction of individual homeostatic capacity. To specify and evaluate these characteristics, one needs to develop better models of human mortality and aging. In summary, our findings are in a good agreement with previous studies by Terry et al. (2005) who examined the effect of midlife cardiovascular risk factors (similar to those used in this study) on survival to the age of 85 using the FHS dataset. The authors demonstrated that the values of risk factors measured at ages 40 to 50 are capable of predicting survival to an age of 85 using the stepwise logistic regression model. This method uses means of all observations at ages 40 to 50 to evaluate the effect of the respective risk factors on survival to age 85. In our paper, we also demonstrate such mid-life predictive capacity. However, we show that the age trajectories of measurements of risk factors at ages 40 to 60 years can predict survival at older ages. That is, we investigated the age trajectories of risk factors measured in midlife calculating deviations from the 'optimal' trajectories in a reference population. This allows for taking into account the dynamic effects of the trajectories on survival and provides addition predictive ability above and beyond static mid-life measures. More study of age trajectories and their dynamic effects may help us better understand the aging process.
